We use a rigorous electromagnetic approach to develop a light-trapping theory, which reveals that the standard limit developed by Yablonovitch can be substantially surpassed in nanophotonic regimes, opening new avenues for highly efficient solar cells. 4 / sin n  , where n is the refractive index of the active layer, and  is the angle of the emission cone in the medium surrounding the cell [1] [2] . This theory, however, is not applicable in the nanophotonic regime. Here we develop a statistical temporal coupled-mode theory of light trapping based on a rigorous electromagnetic approach. Our theory reveals that the standard limit can be substantially surpassed when optical modes in the active layer are confined to deep-subwavelength scale. As a specific example, we numerically demonstrate a light-trapping scheme with an absorption enhancement factor of 2 12 4n  over a virtually unlimited spectral bandwidth and with near-isotropic angular response. The light-trapping effect in a weakly absorptive material is mainly contributed by resonant modes supported by the medium [3] [4] . Motivated by this observation, we develop a statistical temporal coupled mode theory that describes the aggregate contributions from all resonances. First, we consider the contribution of a single resonance to the total absorption over a broad spectrum. Using the coupled mode theory A  is the absorption spectrum of a resonance illuminated by an incident plane wave and i  is the intrinsic loss rate of the resonance due to material absorption. Spectral cross section reaches its maximum value when the resonance is in the over-coupling regime.
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A  is the absorption spectrum of a resonance illuminated by an incident plane wave and i  is the intrinsic loss rate of the resonance due to material absorption. Spectral cross section reaches its maximum value when the resonance is in the over-coupling regime.
Here we consider the resonance can equally couple with N free-space plane waves with different propagation directions. We calculate the upper limit for the absorption by a given medium, by summing over the maximal spectral crosssection of all resonances:
where M is number of resonances within the frequency range   . Comparing Eq (1) to the single-pass absorption, we can obtain the upper limit of the enhancement factor. The well-known Yablonovitch limit in a bulk structure can be reproduced. Moreover, Eq(1) allows us to calculate the limit of light-trapping enhancement in nanophotonic structures. A detailed calculation reveals that one could surpass Yablonovitch limit either by confining light in deep sub-wavelength or by enhance the density of states.
Guided by the theory outlined above, we numerically demonstrate a nanophotonic scheme with an absorption enhancement factor significantly exceeding 4n 2 . We consider a thin absorbing film with a thickness of 5nm ( n close to H n , which is much higher than that of the absorbing material. Second, the index contrast between active and cladding layer provides nanoscale field confinement. The fundamental waveguide mode (Fig. 1b) 
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978-1-55752-890-2/10/$26.00 ©2010 IEEE highly concentrated in the low-index active layer [6] . Thus, the geometry here allows the creation of a broad-band high-index guided mode, with its energy highly concentrated in the active layer. Fig.1 a) A nanophotonic light-trapping structure. The scattering layer consists of a square lattice of air groove patterns with periodicity L = 1200nm. The thicknesses of the scattering, cladding, and active layers are 80nm, 60nm, and 5nm respectively. The mirror layer is a perfect electric conductor. b) The profile of electric-field intensity for the fundamental waveguide mode. Fields are strongly confined in the active layer.
To obtain the waveguide mode profile, the scattering layer is modeled by a uniform slab with an averaged dielectric constant Fig. 4 : a) Absorption spectrum for normally incident light for the structure shown in Fig. 3 . The spectrally-averaged absorption (red solid line) is much higher than both the single pass absorption (light gray dashed line) and the absorption as predicted by the limit of H n  ). Moreover, the angular response is nearly isotropic (Fig. 1d, f) . Thus such enhancement cannot be attributed to the narrowing of angular range in the emission cone, and instead is due entirely to the nanoscale field confinement effect. To illustrate the importance of nanoscale field confinement enabled by the slot-waveguide effect [6] , we change the index of the material in the absorptive layer to a higher value of H n . Such a structure does not exhibit the slot-waveguide effect. The average enhancement in this case is only 37, falling below the Yablonovitch limit of 50 (Fig. 1e ).
